The functional interaction between the brain's two hemispheres includes a unique set of connections between corresponding regions in opposite hemispheres (i.e., homotopic regions) that are consistently reported to be exceptionally strong compared with other interhemispheric (i.e., heterotopic) connections. The strength of homotopic functional connectivity (FC) is thought to be mediated by the regions' shared functional roles and their structural connectivity. Recently, homotopic FC was reported to be stable over time despite the presence of dynamic FC across both intrahemispheric and heterotopic connections. Here we build on this work by considering whether homotopic FC is also stable across conditions. We additionally test the hypothesis that strong and stable homotopic FC is supported by the underlying structural connectivity. Consistent with previous findings, interhemispheric FC between homotopic regions were significantly stronger in both humans and macaques. Across conditions, homotopic FC was most resistant to change and therefore was more stable than heterotopic or intrahemispheric connections. Across time, homotopic FC had significantly greater temporal stability than other types of connections. Temporal stability of homotopic FC was facilitated by direct anatomical projections. Importantly, temporal stability varied with the change in conductive properties of callosal axons along the anterior-posterior axis. Taken together, these findings suggest a notable role for the corpus callosum in maintaining stable functional communication between hemispheres.
functional connectivity | structural connectivity | homotopy | dynamics T he brain's capacity for processing information relies on a modular and hierarchical functional architecture that allows both functional segregation and integration (1, 2) . Distributed processing occurs within segregated communities responsible for highly specialized functions, whereas more comprehensive functions require long-range integration across communities. This long-range integration is especially important for coordinating functions between the two hemispheres. Functional connectivity (FC), computed as the temporal correlation or covariance between regionwise signals, varies across different interhemispheric regions. FC is significantly stronger between homotopic regions than between heterotopic regions (3) and is greater than would be expected from the anatomical distance between the homotopic regions (4) . This strong homotopic FC is thought to be mediated by the strong underlying structural connectivity of the corpus callosum (CC). Indeed, the majority of callosal fibers are between homotopic brain regions (5) (6) (7) , and the loss of callosal integrity leads to a loss in homotopic FC (8, 9) .
Recently, a growing number of resting-state functional MRI (fMRI) studies have reported how FC varies over time (10) . Flexibility in cognitive processing is thought to arise from the ability of certain regions to participate dynamically in different network configurations (11) . For instance, interhemispheric functional interactions between different communities are highly variable over the course of a resting-state scan. Meanwhile, interhemispheric connections within the same community, especially homotopic connections, are temporally stable (12) (13) (14) . Together, these findings suggest that interhemispheric coordination may occur predominantly via homotopic functional connections.
FC also is known to vary between task and resting-state conditions (15) . The extent to which interhemispheric coordination relies on homotopic functional connections across conditions remains to be determined. Moreover, whether interhemispheric coordination is mediated by the underlying structural connectivity has yet to be demonstrated empirically. In this study, we tested the hypothesis that FC between homotopic regions is stable across both time and conditions using blood oxygen leveldependent (BOLD) fMRI data collected from humans and macaques. We additionally used two approaches to examine the extent to which the stability of homotopic functional connections is mediated by the underlying anatomical projections. First, we directly compared macaque BOLD-fMRI data with structural connectivity data derived from axonal tract-tracing studies in macaque monkeys. Second, we compared the patterns of observed functional stability with known patterns of callosal fiber conductive properties in both humans and macaques.
Significance
We show that the functional coordination between the two hemispheres of the brain is maintained by strong and stable interactions of a specific subset of connections between homotopic regions. Our data suggest that the stability of those functional interactions is mediated in part by the direct anatomical projections of large, highly myelinated fibers that traverse the corpus callosum. These functional properties were evident in both humans and macaques, suggesting a preserved framework for interhemispheric communication despite an increase in functional lateralization in humans. These results contribute to our fundamental understanding of how dynamic functional interactions between the two hemispheres of the mammalian brain are supported by its underlying anatomical architecture.
Results fMRI data from one human and one macaque study were included for analysis. In the human study, each participant underwent a series of four scans in the same experimental session. The first, second, and fourth scans were unconstrained restingstate conditions (RS1-3); during the third scan participants were instructed to think about a negative autobiographical memory ('induced rumination"; IR), which increased subjective feelings of negative mood (16) . In the macaque study, each animal underwent two consecutive resting-state scans under light anesthesia (17) . For both studies, FC was calculated as regionwise Pearson correlations of BOLD time series. Functional connections were stratified into homotopic (interhemispheric connections between homologous regions), heterotopic (interhemispheric connections between nonhomologous regions), and intrahemispheric connections. Because the parcellations for both datasets were symmetric, this categorization was made on the basis of the anatomical labels of each region of interest (ROI) rather than on symmetry in coordinate space.
Consistent with previous findings (4, 18) , homotopic connections were significantly stronger on average than either heterotopic or intrahemispheric connections in both humans (KruskalWallis, P < 0.001) and monkeys (P < 0.001) (Fig. 1) . A post hoc analysis revealed that the FC strength of all three types of connections in both datasets were significantly different from one another (Tukey-Kramer method for multiple comparisons, all adjusted P < 0.05), with homotopic being the strongest followed by intrahemispheric and then heterotopic connections. The difference in strength between intrahemispheric and heterotopic connections was more pronounced in macaques than in humans (mean difference: 0.042 vs. 0.010, respectively).
Stability Across Conditions. To investigate the stability of functional connections across conditions, a multivariate partial least squares (PLS) (19) analysis was performed to isolate a pattern of FC that robustly differentiated experimental conditions ( Fig.  2A) . PLS produces an index ("salience") for each connection that represents the extent to which that connection changes between conditions. For the human dataset, the PLS analysis resulted in a significant latent variable (LV) (P = 0.02, crossblock covariance = 72%). This LV's design contrast differentiated the IR condition from RS3 (Fig. 2B, Left) . Interestingly, homotopic connections had significantly smaller saliences than the other types of connections (Tukey-Kramer, adjusted P < 0.05) (Fig. 2B, Right) , suggesting that they were the least variable across conditions. There was no difference in condition variability between intrahemispheric and heterotopic connections (adjusted P > 0.05). These results seemed to be driven mostly by the contrast between the IR and RS3 conditions, and limiting the PLS analysis to only these conditions produced similar results (SI Results). These results suggest that homotopic FC, in addition to being significantly stronger, is significantly more stable across resting-state and IR conditions.
A PLS analysis of the macaque dataset resulted in a contrast that differentiated the two resting-state conditions (Fig. 2C , Left). Again, homotopic connections had smaller saliences than the other types of connections, but this effect did not reach significance (LV: P = 0.63; Kruskal-Wallis, P = 0.29) (Fig. 2C , Right). Accordingly, we did not consider the stability of FC across conditions in the macaque dataset in subsequent analyses.
Stability Across Time. To examine the stability of functional connections across time, we first determined how FC changed over the course of each scan by computing regionwise Pearson correlations using a sliding-window approach. We then computed the autocorrelation coefficient of each functional connection over time (Fig. 3A) . In this analysis, a larger coefficient indicates a more consistent functional connection over the course of the scan. In all conditions, for both datasets, homotopic connections were significantly more stable across time than other types of connections for a window size of 60 s (Tukey-Kramer method, adjusted P < 0.05) (Fig. 3B ). Because the data were similar across conditions, we collapsed the temporal stability measures across conditions for subsequent analyses. Results for other window sizes (30 s and 120 s) were similar (Fig. S1 ). Together with our findings of stable homotopic FC across multiple restingstate and IR scans, these results indicate that homotopic functional connections are highly consistent over time.
Functional Stability, Distance, and Anatomical Connectivity. The strength of homotopic FC has been shown to be greater than would be expected from the distance between regions (4). Using the same datasets, we previously have reported how changes in FC across conditions are independent of the spatial distance between regions (20) and how FC changes across time are only weakly related to distance (14) . Of relevance here, homotopic connections were exceptionally stable across time and conditions despite spanning a range of distances (SI Results, Figs. S2 and S3, and Table S1 ). These data suggest that functional stability is independent of distance and instead may be mediated by the underlying white matter connectivity.
We examined the extent to which structural connectivity influenced homotopic stability by analyzing the relationship between structural connectivity (derived from axonal tract-tracing studies in macaques) and our finding of high homotopic temporal stability in macaques. Homotopic regions that were not directly structurally connected were the right and left retrosplenial cingulate cortex, subgenual cingulate cortex, gustatory cortex, hippocampus, anterior insula, dorsomedial prefrontal cortex, orbitolateral prefrontal cortex, and primary visual cortex (21) (22) (23) (24) . We performed a two-way ANOVA between temporal stability, hemispheric classification (intrahemispheric, heterotopic, and homotopic), and structural connectivity. It revealed a significant main effect of structural connectivity as a function of FC stability (P < 0.001) (Fig. 4A ) as well as a significant main effect of hemispheric classification (P < 0.001) for data constructed using a 60-s sliding window. The interaction of structural connectivity and hemispheric classification also was significant (P < 0.05), and a post hoc Bonferroni analysis showed that the structurally connected homotopic pairs were significantly more stable in their dynamic FC than all other types of pairs (adjusted P < 0.05). Homotopic pairs without direct structural connectivity were no different in their temporal stability than heterotopic or intrahemispheric pairs (adjusted P > 0.05). Intrahemispheric pairs also differed significantly in their FC stability as a function of structural connectivity so that regions that had direct anatomical connections were more stable (adjusted P < 0.05). However, the temporal stability of heterotopic pairs did not vary with structural connectivity (adjusted P > 0.05). These results were not idiosyncratic to the choice of window size, because similar patterns were observed when temporal stability was computed using other window sizes (Fig. S4 ). There were a few notable exceptions to temporal stability in homotopic pairs lacking direct structural connectivity. The homotopic interactions of gustatory (G), primary visual (V1), and, to a lesser extent, retrosplenial cingulate (CCr) cortices were >1 SD above the mean temporal stability for homotopic pairs lacking direct structural connectivity and were nearly as stable as those between homotopic pairs that had direct structural connectivity (Fig. 4A and Fig. S4, filled circles) .
The axonal composition of the macaque CC is known to vary along the anterior-posterior (A-P) axis and follows a hierarchical organization (Fig. 4B) (25-27) . The anterior portion of the callosum has higher axon density, lower percentage of myelination, and smaller axon diameters. These axons serve the prefrontal polysensory association areas. Axon density then decreases with a concomitant increase in myelination and axon diameter toward the posterior of the CC. These axons serve the somatosensory, motor, and posterior parietal cortices. Finally, axon density increases again and is accompanied by a decrease in axon diameter at the most posterior end of the CC, whereas the percentage of myelination seems to plateau. These axons serve the inferior temporal and visual cortices. The morphological features of the CC therefore suggest that its conductive properties vary along the A-P axis and may influence the functional characteristics of interhemispheric communication. Fig. 4C shows how the temporal stability of homotopic functional connections with direct structural connectivity follows the A-P pattern of the CC for macaque data computed using a 60-s window, with correlations between the patterns of temporal stability and conduction properties of the CC being both strong and significant (Table S2) . Results from other window sizes were similar (Fig.  S4) . The axonal density of the human CC follows a pattern similar to that of the macaque (Fig. 4D) (28) . The temporal stability of homotopic functional connections in humans computed using a 60-s window also was similar to that observed in macaques (Fig. 4E ). This pattern of temporal stability in humans was negatively correlated with overall axonal density (fiber diameters >0.4 μm; r = −0.69, P < 0.05) and positively correlated with the density of the largest diameter axons in the callosum (fiber diameters >5 μm; r = 0.68, P < 0.05; also see SI Results, Fig. S5 , and Table S3 ). Together, these data suggest that both the presence of an underlying anatomical projection and the conduction-related characteristics of the white matter fiber tracts are important for mediating homotopic stability. Thus direct structural connectivity is a crucial determinant of the dynamics of homotopic functional interactions.
Discussion
Our results highlight the unique contribution of homotopic connections to global communication. We found that homotopic connections were stable across multiple resting-state and IR scans as well as across time. High stability of homotopic connections was independent of distance and instead was supported primarily by direct axonal projections following a pattern consistent with the characteristics of the CC. These data suggest that homotopy is an anatomical design principle that serves to anchor functional interactions between the hemispheres, presumably allowing information to become integrated in a reliable way.
Several recent studies have demonstrated a causal role for the CC in interhemispheric FC: Severing of callosal projections reduces interhemispheric FC (8, 9, 29-31, but see ref. 32) , whereas the anterior commissure may be a prominent noncallosal conduit for interhemispheric coordination (29, 33, 34) . For instance, O'Reilly et al. (29) found that interhemispheric FC could be largely preserved following complete section of the CC, as long as the anterior commissure was left intact. We add to these findings by showing how direct structural projections contribute not only to the magnitude of homotopic functional connections but also to their stability. Moreover, we show how functional stability varies with the change in conduction properties of the CC along the A-P axis.
The strength of resting-state FC is known to decrease with increasing distance (e.g., ref. 35 ). For intrahemispheric FC, this distance effect may partially result from the decrease in intrahemispheric structural connectivity with increasing distance (36) . However, the strength of homotopic FC is known to be independent of the distance between regions (4). Our observations that the high functional stability between homotopic regions across both time and conditions could not be accounted for by distance complement these previous findings (also see refs. 14 and 20). Together, these data suggest that the structural connectivity between homotopic regions may not follow the same distance-dependent relationship as that reported for intrahemispheric structural connectivity. Instead, the strong coherence between homotopic areas may arise from specific properties of white matter projections traversing the CC. Previous cytological studies report that the pattern of myelination of the callosum follows a hierarchical organization. The primary sensory cortices are connected by the largest myelinated axons and relatively few unmyelinated axons, whereas the opposite is true of association areas, which tend to be connected by some small myelinated axons and relatively many unmyelinated axons (25) (26) (27) (28) . Our data show how the stability of functional interactions between homotopic areas follows a similar pattern (also see ref. 37 ). The inverse correlations we observed in humans between axon density and homotopic stability for thin and thick fibers (Table S3) were likely driven by the same underlying volumetric constraints of the callosum, whereby a trade-off exists between having many thin fibers or fewer thick fibers (38, 39) . Together with the evidence that most axons of the callosum serve homotopic connections (5-7), our findings lend further support to the notion that homotopic Fig. 2 . Variability of FC across conditions. (A) Schematic for PLS analysis. FC matrices were created for each condition in each subject, and then vectorized by taking their upper triangles. These FC vectors were stacked to create a data matrix ordered by subject and then by condition. The covariance between FC and the experimental conditions was computed, and a singular value decomposition was performed on the covariance matrix. The resulting LV includes a contrast between conditions, a scalar singular value, and a set of saliences (depicted as weighted connections) that describe the extent to which each functional connection changes across conditions. (B and C) Design contrast (± 95% confidence interval) and condition variability (mean ± SEM) for intrahemispheric (i), heterotopic (he), and homotopic (ho) connections in humans (B) and macaques (C). functional connectivity is conditioned on the hierarchical organization of anatomical brain networks. Several other possible mechanisms for strong homotopic communication have been posited and also may contribute to the consistency in FC that we observed across time and conditions. First, much of homotopic coherence may be a result of indirect (i.e., polysynaptic) projections (29, 32) . These may include subcortical structures such as thalamus and the basal forebrain (7). For instance, macaque primary visual cortices exhibit strong homotopic FC (33) despite limited callosal projections (24, 40) . Similar observations have been reported in humans (41) (42) (43) . In the current study, we additionally observed very stable homotopic connectivity in macaque V1. These observations of V1 coherence may arise from the common input provided by the lateral geniculate nucleus (44) . Second, the modulatory effects of ascending arousal systems (45) may be symmetric, potentially contributing to coherent low-frequency fluctuations in homotopic brain areas (4) . Interestingly, a recent study has reported how the basal forebrain accounts for at least some of the temporal dynamics of resting-state FC (46) .
The possibility that physiological characteristics of anatomical connections between homotopic brain areas may serve to establish stable functional connections between those areas raises the question: What is the significance of these structural and functional relationships in the context of global network organization and communication? A recent study has shown how the strongest functional correlations within V1 exist between neurons that have similar receptive fields, especially between those having bidirectional anatomical connectivity (47) . Although relatively few in number, the strongest functional connections were associated with a disproportionately large portion of the total synaptic weight, suggesting that synaptic computations may be driven by just a few inputs that share a functional role, whereas most other inputs are only modulatory (48) . Extrapolating these findings to the level of large populations of neurons that form regions serving distinct functions, one could speculate that most of the structural connections between homotopic regions act as drivers, with homotopic projections making disproportionate contact with neurons that share a functional role. Thus structural connections between heterotopic regions may act predominantly as modulators connecting neurons across regions that do not necessarily share a functional role. It stands to reason that as information processing becomes less restricted to information received via receptive fields-as it does going from unimodal to heteromodal processing regions-the proportion of driving to modulatory inputs could decrease. This decrease would be in line with the observations that the strength (18) and stability of functional connections decreases with processing hierarchy. Further studies are needed to test this hypothesis directly. Nevertheless, the significance of homotopic connections for network communication is clearly emerging. Recent simulation studies have shown that functional networks are best modeled when homotopic structural connections are present (49, 50) . In contrast, the addition of heterotopic structural connections resulted in less accurate simulations, suggesting that heterotopic connections play a significantly smaller role in interhemispheric coordination (50) . The structural connectivity provided by both the CC and the anterior commissure has been shown to decrease proportionally with the evolutionary expansion in brain size, whereas intrahemispheric structural connectivity has increased (51) . This pattern suggests that the two hemispheres of the brain have become increasingly independent and possibly contributes to the functional lateralization observed in humans (27, 52) . However, functional lateralization in humans also may arise from an increase in conduction delays resulting from larger brain sizes (53) . Our data suggest that despite the evolutionary increase in intrahemispheric structural connectivity, interhemispheric functional coordination in the human brain remains exceptionally strong and stable and may be the result of the underlying structural connections (also see ref. 54 ). This notion is consistent with observations that the thickest callosal fibers, those serving primary and unimodal areas, scale with brain size across species, but the thinnest ones, those serving association areas, do not (55) . Moreover, a recent clinical study found that homotopic functional connections are disrupted across a wide range of psychiatric conditions, including attention deficit hyperactivity disorder, major depression, and schizophrenia (56) , raising the possibility that homotopic coherence may be a universal attribute of healthy brain function.
Any functional differences we observed between the human and macaque datasets could result in part from cross-species differences but might result from differences in fMRI acquisition. The macaque fMRI data were acquired under low-dose anesthesia, and although this method is known to produce robust patterns of FC that are homologous to human FC networks (57) , it may affect the temporal structure of FC at higher doses (58) . Interhemispheric FC, in particular, is vulnerable to isoflurane in a dose-dependent fashion (59) , and this vulnerability may explain why the difference in FC strength between intrahemispheric and heterotopic connections was more pronounced in the macaque than in the human dataset. Future studies using fMRI acquired in awake animals will be needed to investigate cross-species differences in interhemispheric coordination more directly.
Although we found evidence that homotopic connections are more stable across resting-state and IR conditions, it is important to note that this effect may not necessarily generalize to all possible conditions and tasks or to all possible homotopic connections. This caveat is particularly relevant for experimental manipulations that are expected to engage unilateral homotopic region pairs-rather than bilateral homotopic region pairsdirectly. For instance, FC between homotopic primary motor regions would be expected to differ depending on whether a participant is engaged in a unimanual or bimanual finger-tapping task. Likewise, FC between homotopic primary visual cortices would be expected to differ depending on whether a visual stimulus is presented in a single hemifield or across the entire visual field.
Summary
Taken together, the present results bring into focus a class of functional connections that appear to have a unique role in large-scale network communication. Despite a perpetually changing landscape of FC, homotopic connections remain stable. This generic cross-species feature of FC is largely supported by the underlying anatomy, which may provide stability in the face of a dynamically changing environment. 
Methods
Human Dataset. Data acquisition, image preprocessing, and analysis parameters of the human dataset have been described in detail previously (16, 20) and are outlined in SI Methods. BOLD-fMRI and behavioral data were collected from 17 (12 female) healthy participants (mean age = 24.2 y; SD = 5.95 y). All participants provided written informed consent as administered by the Institutional Review Board of the University of Michigan. Participants were paid $25/h for their participation.
Macaque Dataset. Animal preparation, data acquisition, image preprocessing, and the anatomical dataset have been described in detail previously (17, 60) and are outlined in SI Methods. BOLD-fMRI data were obtained from six (four female) macaque monkeys (Macaca fascicularis; mean weight = 4.58 kg; SD = 1.4 kg). All surgical and experimental protocols were approved by the Animal Use Subcommittee of the University of Western Ontario Council on Animal Care and were in accordance with the Canadian Council on Animal Care guidelines.
Data Analysis. Whole-brain fMRI time series were computed for 116 ROIs based on the Automated Anatomical Labeling (AAL) parcellation (61) for the human dataset and 76 ROIs based on the Regional Map parcellation (62) for the macaque dataset. Therefore there were 58 homotopic pairs for the human and 38 homotopic pairs for the macaque dataset. Heterotopic and intrahemispheric connections each numbered 3,306 and 1,406 in the human and macaque datasets, respectively. For the human dataset, ROI time series were computed by taking the mean signal intensity across all voxels. For the macaque dataset, ROI time series were computed using a weighted probabilistic procedure that favored voxels nearer the ROI centroid (60).
Condition Stability. fMRI time series were correlated to form a full correlation matrix for all regions correlated with all other regions for each subject and condition. The upper triangles of these FC matrices were reshaped as vectors and stacked to form a data matrix ordered by subject, then by condition ( Fig.  2A) . For the human dataset, this matrix then was correlated with the participants' self-reported index of negative mood so that the resulting matrix was a set of correlation coefficients that expressed the relationship between FC and behavior. For the macaque dataset, the matrix remained as correlation coefficients that expressed FC. A PLS analysis then was performed on these correlation matrices (SI Methods). This analysis results in LVs that each contain (i) a set of saliences that describes a spatiotemporal brain pattern,
(ii) a scalar singular value, and (iii ) a design contrast between conditions. Thus each LV represents a weighted combination of functional connections that optimally relate to the experimental conditions. For the human dataset, each LV represented a weighted combination or the relationship between FC and mood that was optimally varied by the experimental conditions.
To determine condition stability, we computed the absolute value of the salience of each connection for the given LV. Large saliences indicate that the connections change a lot based on changes in condition. Small saliences indicate that the connections are relatively stable independent of condition.
Temporal Stability. Methods for computing the temporal stability of functional connections have been described previously (14) . Briefly, a slidingwindow approach was used to determine regionwise Pearson correlations of truncated time series of varying lengths (30, 60, and 120 s). The window was advanced in increments of one time point, and the correlation was recalculated to create an FC time series for each pair of regions (Fig. 3A ). Each FC time series then was cross-correlated with itself to produce a normalized autocorrelation coefficient. The temporal stability of each functional connection was taken as the average autocorrelation coefficient across all lags. We previously have shown that the choice of window size does not affect this measure of temporal stability (14) . For brevity, we present data analyses computed from an intermediate window size (60 s) in the main text and an example each of smaller (30-s) and larger (120-s) window sizes in Figs. S1 and S3-S5 and Tables S1-S3.
To enable comparison between our temporal stability findings and previous reports of regional differences in macaque and human callosal fiber connectivity, we divided the ROIs into 10 bins along the A-P axis following the descriptions provided in refs. 25 and 28. See SI Methods for details. ROIs falling within each of the 10 A-P bins are noted in Fig. 4C (macaque) and Fig. 4E (human). Note that these 10 bins are only estimates of the callosal sectors defined in refs. 25 and 28, and regions subserved by each of the sectors in those papers are unlikely to be an exact match to the ones in the present study. Table S4 for macaque ROI abbreviations and ref. 61 for AAL abbreviations). All temporal stability data were computed using a 60-s window size. See Figs. S4 (macaque) and S5 (human) for other window sizes and fiber diameters.
